Introduction
Duplex stainless steels are two-phase materials composed of an alpha phase (ferrite) having a b.c.c. crystal structure and a gamma phase (austenite) exhibiting an f.c.c. structure. Both phases combine high corrosion resistance and high mechanical properties, i.e. the ferrite increases the value of yield stress, and the austenite provides a ductile behavior. Several studies of a cast duplex steel used in nuclear power plants have been published (Bugat et al., 2001; M'Cirdi et al., 2001) . These steels are subjected to a slow thermal aging at the working temperature of 320 C, which causes an embrittlement of the ferritic phase (Bonnet et al., 1990) . As shown in the literature, the spinodal decomposition of ferrite into a (poor in Cr) and a' (rich in Cr) phases and the precipitation of G-phase (rich in Ni, Mo and Si) occur at temperatures lower than 475 C (Park and Kwon, 2002) . The presence of a 0 and G phases reduces mobility of dislocations and consequently cause hardening and embrittlement of the ferrite (Lagneborg, 1967) . The G particles are very small (between 1 and 10 nm, and up to maximum 50 nm) and they are usually homogenously distributed in the ferritic grains. The largest particles are formed in defects as well as in the interfaces (a/a 0 and austenite/ferrite).
It is known that the plastic strains in this material are homogeneous in the austenitic phase and more localized in the ferritic phase, where less slips but with a higher magnitude are observed (El Bartali et al., 2010; Bugat et al., 2001) . As SEM (Scanning Electron Microscopy) examinations for cyclic loadings has shown, the slip systems are first activated in the austenite, before slips in the ferrite (El Bartali et al., 2010) . Due to the above described mechanisms, the damage in aged duplex stainless steel appears mainly in the ferrite. For instance, cleavage micro-cracks oriented perpendicularly to the direction of loading were shown by M' Cirdi et al. (2001) and Bugat et al. (2001) . Moreover, M'Cirdi et al. (2001) used X-ray diffraction during an in situ tensile test to determine lattice strains and stress evolution in coarse-grained ferrite within a cast aged duplex steel. As a result, a significant decrease of the stress/strain perpendicular to {100} crystallographic planes was observed for this ferritic grain in which cleavage cracks appeared. Using electron microscopy (EBSD, TEM and SEM techniques) the initiation of cracks due to a cyclic loading was also seen in the ferritic phase (Balbi et al., 2009; El Bartali et al., 2008; Strubbia et al., 2014 Krupp et al., 2015) . Recently, the electron microscopy studies were correlated with X-ray synchrotron diffraction and the effect of significant lattice strain release in damaged ferrite grains was confirmed by Istomin et al. (2014) .
Most of the experimental works concerning damage in polycrystalline materials were based on a direct observation of cracks initiation and evolution using electron microscopy (e.g. Strubbia et al., 2014; Istomin et al., 2014; Krupp et al., 2015) or X-ray tomography (e.g. Maire et al., 2005; Bettaieb et al., 2011; Krupp et al., 2015) . In the present work, an elastoplastic behavior of grains, as well as initiation of micro-damage during monotonic loading of a two-phase material (duplex steel) will be studied by diffraction methods and the experimental results will be interpreted using a multiscale elastoplastic model. Using diffraction the measurements of lattice strains can be performed selectively for the groups of crystallites contributing to the intensity of the scattered beam. In the case of multiphase materials the strains can be measured independently for each phase if the diffraction peaks are well separated (Inal et al., 1999; Daymond and Priesmeyer, 2002; Fr eour et al., 2003; Baczma nski and Braham, 2004; Dakhlaoui et al., 2006; Jia et al., 2009; Baczma nski et al., 2011; Gloaguen et al., 2013; Francis et al., 2014) . Although it is selective, diffraction enables sampling of a significant volume of the material (several hundred or many more crystallites for one peak and almost the whole irradiated volume when several scattering vector orientations are analyzed) and thus leads to statistically significant results.
The diffraction measurements performed in situ during tensile tests were usually compared with the Eshelby (1957) type models using a small deformation formalism (up to ca. 10% of sample strain). For instance, the self-consistent model developed for anisotropic polycrystals by Turner and Tom e (1994) , was used for the interpretation of the diffraction measurements by Clausen et al. (1999) , Daymond and Priesmeyer (2002) , Francis et al. (2014) and Jia et al. (2008 Jia et al. ( , 2009 . This method was also applied by Neil et al. (2010) to study mechanical phenomena occurring at microscale in the polycrystalline copper and austenitic steel deformed up to ca. 30% of sample strain. In that work the rotations of the grain lattice was used to predict evolution of texture during plastic deformation and the model values of lattice elastic strains were successfully compared with diffraction results.
Another self-consistent elastoplastic model but also based on the Eshelby-type interaction was elaborated by Lipinski and Berveiller (1989) . In the frame of this model the calculations can be done for arbitrary large strains and the rotation of the grain lattice is considered. More recently, this scale transition model was applied to study the influence of intragranular microstructure on ductility and forming limits in multiphase steels or single phase b.c.c. steel (Franz et al., 2014) , and analysis of stress localization for polycrystalline material (Franz et al., 2013) . The same model was also used for the interpretation of diffraction measurements performed for two-phase duplex steels (Baczma nski and Braham, 2004; Baczma nski et al., 2011; Wro nski et al., 2007) .
In the frame of Finite Element Analysis (FEA) the modeling of damage can be carried out in two ways. The first one is to introduce discrete elements corresponding to cracks or voids. The dynamic evolution of these discontinuities enables description of the different stages of damage evolution: germination, growth and coalescence. Such a description is adapted to ductile materials through a scalar variable describing the volume fraction evolution of those cracks or voids. Over the years several modified models have been proposed, taking anisotropy effects into account (Li et al., 2011; Bettaieb et al., 2011; Lecarme et al., 2011; Malcher et al., 2014, among others) .
In the second approach, a continuum thermodynamics methodology is applied to obtain the so-called Continuum Damage Mechanics (CDM). In the CDM method the dissipation potentials and variables describing damage are derived in the frame of the thermodynamics. In this formulation damage is one of the internal constitutive variables describing the irreversible processes occurring in the material. The local CDM theory developed by Lemaitre and Chaboche (1978) assumed that the strain tensor and the damage parameter are defined at a given point of the continuum. To avoid strain localization at vanishing volume, the non-local continuum approach based on the concept of Representative Volume Element (RVE) was proposed (Pijaudier-Cabot and Ba zant, 1987) . The non-local damage models consist in replacing a certain variable by a mean value averaged over a spatial neighborhood of each considered point. Several modified models have been proposed in more recent years accounting for different effects in the frame non-local modeling (Marotti De Sciarra, 2012; Basirat et al., 2012; Brünig et al., 2015; Vignjevic et al., 2012; Balieu and Kringos, 2015; Nguyen et al., 2015; Dormieux and Kondo, 2015, among others) .
The damage effect was also included into continuum models introducing additional information from the microscopic level of complex materials. The direct multiscale FEA calculations of the real microstructures are computationally expensive, therefore the micromechanical mean field approaches were embedded into FEA in order to model the damage occurring at a microscopic scale of multiphase polycrystalline materials, composites and polymers. Such formulations can combine the features of continuum models and physical models, enabling the introduction of crystal plasticity and elasticity in calculations.
For example, Gonz alez and LLorca (2000) and Gonz alez et al. (2004) introduced damage into a mean-field self-consistent model based on the Eshelby (1957) solution for ellipsoidal inclusion in order to calculate the effective mechanical properties of the particle reinforced Al/SiC Metal Matrix Composite (MMC). Using the volume fraction of damaged SiC particles (reinforcement) as a damage variable, the effect of elastic constants reduction leading to an elastic stress relaxation was predicted in accordance with the experimental mechanical stress-strain test. Another model accounting for fracture of the ceramic reinforcement in MMC was proposed and developed by Teko glu and Pardoen (2010) . In this approach the void nucleation, growth and coalescence were taken into account in the frame of the Mori and Tanaka (1973) homogenization scheme applied for the RVE containing reinforcement particles. Ran and Fu (2014) constructed and tested on a brass C3602 sample the socalled 'hybrid flow stress model' for multiphase polycrystalline materials. This model, included in an FEA, allows determining of the contribution of each phase to the mechanical properties of materials and uses fracture energy to predict the ductile fracture.
The Eshelby-based approach was also used in the Transformation Field Analysis (TFA), developed by Chaboche et al. (2001) and Michel and Suquet (2003) , consisting in decomposing the RVE in a number of sub-phases. The macroscopic constitutive equations and stress/strain localization tensors for each phase can be built up from multi-scale approach, for instance using the self-consistent or Mori-Tanaka models (e.g. Chaboche et al., 2001; Shojaei and Li, 2013) . The TFA approach were applied for MMC and elasto-viscoplastic polymers, including the crystal elasticity in calculations, crystal plasticity as well as viscoplastic behavior of amorphouse phase (Shojaei and Li, 2013) . Moreover, the multi-scale analysis in the frame of TFA was coupled with damage (Chaboche et al., 2001; Kruch and Chaboche, 2011 ).
An interesting attempt to include anisotropic damage to an elasticeviscoplastic model was made by Ekh et al. (2004) . It was shown that the softening/hardening behavior of the crystal viscoplasticity model is strongly affected by the damage. However, the proposed model was applied to predict damage of a crystallite but the calculations were not developed for polycrystalline materials.
Another micromechanical damage model working in the frame of FEA was proposed by Boudifa et al. (2009) . In the constitutive equations used in the calculations, the ductile damage was coupled with deformation of the f.c.c. polycrystals by introducing the ductile damage variable at the level of crystallographic slip systems. This formulation enabled to describe influence of the microdefects on the degradation of polycrystalline grains and may reveal information about grains deformation heterogeneity, as well as about texture and residual stresses evolution. The model proposed by Boudifa et al. (2009) is based on physical phenomena occurring at microscopic scales and it is suitable for predicting damage processes in aged duplex steels, where ductile fracture first takes place along slip systems and is not related to cracks or voids at the larger grain and/or macroscopic scales. The limitations of this method are: a small number of grains for which the calculations can be performed (24 grains), isotropic elasticity introduced for crystallites and a simplified scale transition rule in which the grains interaction is described by scalar phenomenological function (postulated by Cailletaud and Pilvin, 1994) . The work of Boudifa et al. (2009) was an inspiration for the present work in which an Eshelby-type self-consistent approach was used to avoid the described above limitations. Originally, the model upgraded and modified in this work was proposed in the paper by Panicaud et al. (2011) , where we have presented the preliminary calculations and comparison with the Boudifa model. The main differences between these models are related to the damage modeling (number of scales, evolution equation, coupling), the localization tensor, and the kind of plastic hardening. It was concluded that the numerous parameters of the thermodynamic model of Boudifa cannot be unambiguously identified, while the parameters of the new model can be found out for the damage process occurring before sample fracture. It should be highlighted that our previous model calculations were compared with macroscopic stress vs. sample strain dependence with the assumption that damage occurs only in the ferritic phase. As it will be shown in this work, this assumption can be proved only by using the diffraction measurements in which the load distribution between phases can be determined. Moreover, the diffraction results provide information about the initiation of damage processes occurring for much smaller deformation than for sample fracture.
It should also be mentioned that an alternative method for prediction of damage at a microscale of polycrystalline materials has been proposed and used in finite element calculations by Rousselier and Luo (2014) . In this approach MohreCoulomb model (Mohr, 1900) based on a ductile fracture model was applied at the slip system scale. The calculations were also performed combining plasticity of porous material (a void damage model) with the Mohr-Coulomb model and Portevin and Le Chatelier model for ductile fracture analyses (Rousselier and Quilici, 2015) . Similar to the Boudifa model, the calculations were done using a 'Reduced Texture Methodology' and they are limited to a small number of grains (e.g. 12 crystallites for single phase). Therefore, a direct comparison of the theoretical results, which must be obtained for a large population of crystallites, with a diffraction experiment is not possible. Moreover, the isotropic scale transition given by the Cailletaud and Pilvin rule (the same as in the work of Boudifa et al., 2009 ) was used and the crystal anisotropy was not considered in the calculations. On the contrary, the self-consistent method based on the Eshelby approach can be used to predict stress distribution between a large number of crystallites taking part in diffraction experiments. This model enables taking into account the elastic anisotropy of the grains as well as the anisotropic localization of strain/stress rates in the polycrystalline grain.
The literature review presented above shows that, except of the self-consistent approach proposed in the work of Panicaud et al. (2011) , such effects as the anisotropy of crystal elasticity, plasticity occurring due to slips on crystallographic planes and anisotropy of intergranular interaction were not introduced simultaneously in the damage models. Also, it has been stated in many papers that the fraction of the damaged grains leads to a loss of stress carrying capacity (e.g. Gonz alez and LLorca, 2000; Teko glu and Pardoen, 2010) or grain softening (Boudifa et al., 2009) , and consequently causes a decrease of the stress localized in these grains. The decrease of the stress in damaged ferritic grains within duplex steel was observed experimentally using diffraction measurement during an in situ uniaxial tensile loading (M'Cirdi et al., 2001; Istomin et al., 2014) , however these experimental data were never compared to theoretical models. In most of the published works, usually the predicted overall stress-strain curve was compared with the measured one (e.g. for a tensile test) but the stresses for particular grains, groups of grains or phases were not verified experimentally. One of the main issues of the present work is to describe the localization of stresses on the damaged grains using our model proposed in the work of Panicaud et al. (2011) , and to verify the theoretical results using diffraction experiments. In the latter work the equations for stress and strain localization tensors are derived in the frame of the self-consistent model formulated by Lipinski and Berveiller (1989) . Our method takes into account the local elastoplastic properties of grains having different lattice orientations. It allows for calculating the evolution of the stress and of the lattice orientation for a large number of crystallites. Therefore the variation of the stresses predicted for groups of damaged grains can be directly compared with the results of diffraction experiment.
The material chosen for this studied is a two-phase duplex stainless steel which was examined in detail for small deformation and undamaged state in our previous works (Baczma nski and Braham, 2004; Baczma nski et al., 2011) , where the agreement between self-consistent predictions and neutron diffraction data was shown. In the present work the methodology combining self-consistent model with diffraction experiment will be applied to study the elastoplastic behavior of the phases in duplex steels having different chemical compositions and/or subjected to different thermal treatments. As shown by M' Cirdi et al., 2001; Hau sild et al., 2001; Balbi et al., 2009; Prahl et al., 2010 , the initiation of a damage process in the aged duplex steel occurs on slip planes and/or on the other particular crystallographic planes. This process can cause the reduction of the grain stress, leading to decrease of lattice elastic strains and this effect depends on the grain orientation (M'Cirdi et al., 2001) . In the present article it will be shown experimentally (using neutron diffraction) that the micro-damage is first initiated in the grains of ferrite and the effect of elastic lattice strain reduction depends on the orientations of the grains contributing to a given reflection hkl. The effect of stress relaxation will be interpreted using the self-consistent approach, which enables prediction of the micro-damage initiation and its evolution in two-phase materials.
Elastoplastic model coupled with damage process
The results of diffraction experiments performed in this work are analyzed with the help of a self-consistent model elaborated by Lipinski and Berveiller (1989) . This model was adapted for prediction of lattice strains in duplex steels by Baczma nski and Braham (2004) . Then, the methodology was developed in order to predict the process of micro-damage occurring at the grain scale .
Self-consistent model for elastoplastic deformation
The used self-consistent model enables calculations at two different scales, i.e. the macro scale, where the macrostress and macrostrain (S,E) are applied, and the local scale, on which the deformation of the gth grain under local stress s g is considered. Plastic deformation of a grain occurs due to the slips on these crystallographic planes for which Schmid's law is fulfilled, i.e. the resolved shear stress t is equal to its critical value t s c (named critical resolved shear stress e CRSS). During slip the dislocations density increases and this process leads to hardening of all slip systems in a given grain. As a consequence, the values of CRSS increase with deformation and the rate of t s c for a given s-th system can be expressed by:
where _ g t is the plastic glide rate on the t-th active system, H st is the hardening matrix defining interactions between the slip systems and dot denotes time derivative.
To describe nonlinear evolution of hardening the Voce law can be used (Tome et al., 1984; Jia et al., 2008; Neil et al., 2010) . In this law the reference CRSS t g Voce in a grain g depends on the plastic shear strain accumulated on all systems w g according to the relation:
where: t ph 0 , t ph 1 , q ph 0 and q ph 1 are adjusted independently for each phase ph and w g ¼ P t g t is a sum of the total shear strains g t for all active slip systems t.
Consequently, in the Voce law the hardening matrix is given by the relation:
Where the 'self' and 'latent' hardenings are defined by the h st matrix.
To calculate the evolution of the CRSS on a particular slip system, at first the reference value of t g Voce and hardening matrix H st for a particular grain g must be determined from Eqs. (2) and (3) for a current value of accumulated strain w g . Then using Eq. (1), the rate of CRSS for given slip system s is computed from known values of H st and rates of plastic glides _ g t on all active systems t. In the present work it is assumed that the 'self' and 'latent' hardenings are equal, i.e. h st ¼ 1 for each pair s and t of the slip systems.
To obtain macroscopic predictions of elastoplastic deformation for polycrystalline material, it is useful to perform a scale transition method. In this model, the constitutive equation relating stress rate with strain rate is written for the local scale and the global scale as well:
where l g , _ s g , _ ε g denote, respectively, tensors of tangent moduli, stress rate and strain rate, while the capital letters L, _ S , _ E are used for the same tensors but defined at the macroscopic scale.
The scale transition is defined by the equation:
in which, the grain strain rate _ ε g is related to overall macrostrain rate _ E through the localization tensor A g . In this work, the localization tensor A g was calculated assuming a spherical shape of inclusions (representing grains) and using the algorithm elaborated by Lipinski and Berveiller (1989) . It should be emphasized that in the model used the grain stress and strain (plastic and elastic), CRSS for the operating slips and the orientation of grain lattice are modified during elastoplastic deformation iteratively (i.e. the evolution of crystallographic texture is taken into account in calculations as described by Lipinski and Berveiller (1989) ).
Damage of the grain
To predict ductile micro-damage process in the frame of self-consistent model, the assumption of energy equivalence (Saanouni and Abdul-Latif, 1996) was applied at the grain scale. To do this, the effective stress tensors g and the effective total strain tensorε g were introduced for a given grain g:
where: d g is a scalar damage variable which describes damage at a grain scale. It is assumed that in the equivalent fictive undamaged grain, the tangent moduli tensor l g of undamaged material relates the effective rate of the stress _ s g to the effective rate of total grain strain _ ε g . Then, constitutive relations can be postulated for the stress and strain rates defined for the undamaged and damaged grains, respectively :
wherel g is the tangent moduli tensor for the damaged grain.
In general case when d g ¼ f ðε g ; s g ; _ ε g ; _ s g Þ in Eq. (6) depends on total strain and stress tensors, the expression for tensor can be derived :
where 1 is the fourth-rank identity tensor. If the ductile damage occurs, the yielding criterion defined at a microscopic scale must be also modified. In undamaged equivalent grain, small shear strainsg t on slip systems t cause an increase of the CRSS for the s system according to the linear relation (cf. Eq. (1)):
where H st are the components of hardening matrix and t s 0 is the initial value of CRSS for the slip system s. For nonlinear hardening, the component of H st is calculated from the Voce law using Eqs. (2) and (3), with the sets of parameters separately defined for each ph-phase of the polycrystalline aggregate.
Assuming that the microscopic damage on the slip system is described by the function d g (equal for whole grain g) the effective slipg t and the CRSSt s C can be defined for the equivalent undamaged material (in the same way as in Eq. (6)):
Substituting Eq. (10) into Eq. (9), and differentiating the obtained equation, the rate of CRSS in the damaged material can be determined:
Finally, to describe micro-damage process occurring in the grain g the variation of the d g function has to be established. In the present article it was assumed that d g function depends only on the grain strain and an isotropic damage evolution at the grain scale is defined by _ d g rate according to the following relation:
where: ε ph 0 ; n ph ; x ph are phase-dependent parameters defined for a given phase ph, ε
is the second invariant of the total strain tensor for a grain g, (…) þ are the Macaulay brackets, which denote the positive part of the variable
In our previous work , an equivalent integral equation was used to directly define the value of the damage function d g . The new formulation of the _ d g rate used in this work enables the introduction of additional conditions concerning damage development. The application of the Macaulay brackets causes that a negative strain rate, i.e. _ ε g eq < 0 (occurring in the material for a compressive loading) will never lead to damage, and the damage function d g only increases if the strain is superior to the strain threshold ε ph 0 defined for each phase separately. Moreover, the damage function will never decrease even for a decreasing equivalent strain (due to the elastic unloading of a given grain).
It should be highlighted that the defined above damage dg variable is not derived from dissipation potential, as usually in the thermodynamic approaches (e.g. Abu Al-Rub and Voyiadjis, 2003; Brünig, 2003; Egner and Skocze n, 2010; Murakami, 2012) , but it represents a phenomenological function depending on parameters determined from the experiment. This approach is similar to the description of the work hardening through the Voce law in the case of plastic deformation, when hardening of slips is related to the total plastic shear strain accumulated on all active systems operating in a given grain (Eq.
(2)). In the case of ductile damage we postulate dependence of function d g on the second invariant of the total strain tensor computed for the considered grain. This function and its parameters will be verified experimentally. The formulation of damage presented above can be easily used in the self-consistent model, which is commonly used to interpret results of the diffraction measurements. Moreover, the approach based on Eq. (12) does not significantly increase the number of unidentified model parameters, as for instance in the case of the model proposed by Boudifa et al., 2009 (c.f. Panicaud et al., 2011 . The simplicity of our model is an important advantage which will allow us to determine all model parameters from the diffraction experiment.
Strain localization in damaged grains
When the damage is initiated in the polycrystalline grains the scale transition model must be modified. To do this the strain rate for a damaged grain _ ε g should be related to the macroscopic strain rate of the damaged polycrystalline material _ E using strain localization tensorÃ g :
Assuming that the damage depends only on the strain and strain rates the localization tensor for the damaged material is calculated from the equation (for details see Panicaud et al., 2011) :
where A g is the localization tensor for undamaged material and the d g function is defined through Eq. (12).
Anisotropy effects
In the self-consistent model used for damage prediction, the crystallographic texture is taken into account, i.e. the model sample is represented by grains having different orientations determined from experimental textures. The texture evolves during calculations due to the rotation of crystallite lattice, which is related to the glides on slip systems (Lipinski and Berveiller, 1989) . Therefore, the used model predicts the anisotropy evolution of elastic and plastic deformation, both at the macroscopic and the grain scales. The equivalent strain of the grain and consequently the value of damage variable d g (according to Eq. (12)) depends on the orientation of the lattice of a given crystallite relatively to the localized stress and indirectly on the coupling of this grain with anisotropic polycrystalline aggregate given by the localization tensor A g (A g depends on the d g variable according to Eq. (14) ). The damage process at a grain scale influences also the mechanical behavior of the sample because d g variable is used in the homogenization procedure described in Section 2.3. Therefore, the anisotropy of the sample, its evolution, and influence on the damage of the grain is taken into account in our calculations.
The anisotropy of the damage process occurring within a particular grain is not considered in the present version of the model and it could be done if the damage variable is defined at the scale of slip system. However, the parameters of damage defined at the microscale (for example at slip systems) or tensor description of grain damage will lead to a number of additional parameters which cannot be directly identified using diffraction. This is certainly a possible direction of further model development, but the main aim of this work is to show that diffraction allows us to identify all the material parameters of the simplified model, in which the damage variable is defined at the scale of grain.
Experiments

Microstructural characterization of the studied materials
The experimental study of elastoplastic deformation and damage process was performed on samples of hot rolled duplex stainless steels. The studied steels are composed of ferrite and austenite, with the volume fraction approximately equal to 50% for each phase. The EBSD orientation maps, presented in Fig. 1 , show the elongated austenitic grains divided into small parts with different lattice orientations, and crystallites of the ferrite with almost the same orientations. Two samples were prepared of the UR45N and UR52N steels, for which the chemical compositions are shown in Table 1 . For both studied materials, the pole figures (110), (200), (211) and (111), (200), (220) were measured for the ferrite and the austenite using Cr X-ray diffraction on a Seifert 4 circles diffractometer. Next, the Orientation Distribution Functions (ODFs) were determined from the pole figures for each phase, independently. To this end, the WIMV algorithm (Kallend et al., 1990 ) was used. The ODFs are shown in Fig. 1 , where the orientation of sample coordinate system respectively to the main directions of the rolling process (RD -rolling direction, TD -transverse direction and NDenormal direction) is defined. Significant anisotropy of grains' orientations was found for both phases, and an especially pronounced texture was obtained for the ferrite (see Fig. 2 ). The time of flight (TOF) neutron diffraction was used on the ENGIN-X instrument (Santisteban et al., 2006) at the ISIS neutron spallation source to measure the inter-planar spacings <d> {hkl} for the studied duplex steels. The diffraction peaks (Fig. 3b) were determined by two detector banks set at scattering angles 2q ¼ ±90 (Fig. 3a) . The size of the incident beam was limited by a slit (4 mm wide and 8 mm high), while the exit aperture of 4 mm was defined by radial collimators. The tensile test was performed along RD on cylindrical 'dog bone' shaped samples having diameter of 8 mm in the part measured by diffraction ( Fig. 3a) . Independently for each phase the positions of diffraction peaks were determined and the inter-planar spacings <d> {hkl} were calculated from Bragg's law. More details concerning the neutron diffraction experiment are given by Baczma nski et al. (2011) . UR45N (a,b) and UR52N (c,d) steels. The ODFs are shown on the cross sections through Euler space, displaced with the increment of 5 along the 4 2 axis (Kallend et al., 1990) . The sample orientation is defined through: x 1 jj TD, x 2 jj ND and x 3 jj RD.
Monochromatic X-ray synchrotron radiation (wavelength l ¼ 0.14256 Å) was also used to measure lattice strains in the aged UR45N duplex steel subjected to a tensile loading along RD. The experiment was conducted at the beamline ID15B (ESRF, Grenoble, France) in a transmission mode using a beam size of 100 Â 100 mm 2 (see Fig. 4a ). The cross section of the flat 'dog bone' shaped sample was 1.5 Â 1.5 mm 2 in the measured region. Two dimensional diffraction patterns, measured in the range 2q ¼ 1.7 e7.5 , were recorded by the Thales PIXIUM 4700 detector. Using the FIT2D program (Hammersley et al., 1996) the two-dimensional diffraction images recorded by the PIXIUM detector (Fig. 4b) were integrated over the azimuth angle within 'cake shape' sectors and converted into a 2q diffractogram. Then, a pseudo-Voigt function was fitted to the measured diffraction profiles and the peak positions were determined with help of the MULTIFIT software (Merkel, 2011) . Finally, the <d> {hkl} inter-planar spacings were calculated from peak positions.
Neutron diffraction measurements
At first, the stresses were determined in both phases of the undeformed initial steel samples. To this end, the inter-planar spacings <d> {hkl} were measured for various scattering vector orientations and for different hkl reflections, using TOF neutron diffraction. The stress analysis was done applying a general multireflection method (for details see Wro nski et al., 2007) . In calculations the X-ray elastic constants (XEC) obtained by the Kr€ oner-Eshelby approach (Wro nski et al., 2007) were used. The XEC were determined from the typical single crystal elastic constants (Table 2 ) and the experimental crystallographic textures of ferrite and austenite (Fig. 2) . When using the multireflection method, the deviatoric part of the stress tensor has been determined independently for each phase of the studied steels (Table 3 ). The measured <d> {hkl} spacings were satisfactorily fitted using the Kr€ oner-Eshelby approach of XEC, as in the previous work by Wro nski et al. (2007)).
Next, the strains of crystallites' lattice were determined using neutron diffraction for the in situ loaded samples. The measurements were done along the applied force (parallel to RD) and in the transverse direction (parallel to TD) for given constant sample stresses/strains when the load subjected to the sample stabilized Baczma nski et al., 2011) . Finally, for different hkl reflections the relative values of elastic lattice strains <ε RD > {hkl} and <ε TD > {hkl} are computed:
where: <d S > {hkl} and <d 0 > {hkl} are the inter-planar spacings determined for the loaded and non loaded samples and the <… > {hkl} brackets denotes an average over the diffracting grains volume for given reflection hkl. The load was always applied along the RD, while the strains measurement was done in the RD or TD direction, as indicated by appropriate indices. The diffraction results for the quenched UR45N (a,b), aged UR45N (c,d) and quenched UR52N (e,f) samples obtained during tensile test are shown in Fig. 5 , in which the relative lattice strains along loading direction in function of the applied stress S RD are presented. The lattice strains were measured separately for different reflections hkl corresponding to the ferritic and the austenitic phases. In the case of large deformation (aged UR45N and quenched UR52N samples), the calibration of the data for large deformation range according to the method proposed by Baczma nski et al. (2011) has been done. Additionally, the results for the compressive test performed on the aged UR45N material are shown in Fig. 6 . Finally, the S RD vs. E RD Fig. 3 . The experimental setup (ENGIN-X instrument) used to measure relative lattice strains using neutron diffraction during in situ tensile tests (a). In figure (b) the TOF spectrum vs. inter-planar spacing d is shown and the diffraction peaks from a-ferrite and g-austenite are indicated (b).
(macrostress vs. macrostrain) plots, obtained using a load cell sensor and a strain gauge during diffraction experiment, are presented in Fig. 7 .
Synchrotron measurements
To determine initial stresses from synchrotron diffraction, the inter-planar spacings <d> {hkl} were determined for two orientations of the initial samples. Both orientations are shown in Fig. 4a , where the RD, ND, and TD are indicated for the first orientation without brackets and for the second one with brackets (specimen was rotated by 90 around RD). The intensities of the diffraction rings, corresponding to different reflections hkl were integrated within 'cake shape' sectors a n ± 7.5 (Fig. 4b) , where a n changes with steps of 15 over the whole 360 range of the azimuth angle. Next, for every reflection hkl the inter-planar spacings <d> {hkl} were measured for 24 scattering vector orientations. Finally, we have calculated the arithmetical mean <d> {hkl} spacings for symmetrically equivalent a n and a n þ180 angles. The initial stresses in each phase were determined using the multireflection method (the same XEC as for neutron measurements were used in the analysis). As a result, the deviatoric part of the stress tensors was calculated independently for each phase (see Table 3 ). Almost equal absolute values of stress components but with opposite signs were found for austenite and ferrite, i.e. stresses are balanced over both phases having equal volume fractions.
The 'dog bone' shaped samples were measured during uniaxial in situ tensile loading. The force along RD, applied using a hydraulic 5 kN rig, was increased in the load control mode with a rate of 1 N/s (corresponding to stress rate of 0.44 MPa/s) and the total sample deformation was determined from the measured actuator position. The macro-mechanical S RD vs. E RD plot obtained during tensile test is shown in Fig. 8 . Diffraction patterns were registered during time of exposition equal to 10 s with interval time of 5 s. The inter-planar spacings along the loading direction (RD, a ¼ 0 and 180 ) and in the perpendicular ¼ 90 and 270 ) were determined. For this purpose, the intensities of the diffraction rings were integrated within 'cake shape' sectors defined by a ± 7.5 (Fig. 4) . Finally the arithmetical mean values of the spacings <d> {hkl} were calculated for symmetrically equivalent a and a þ180 angles and the relative lattice strains <ε RD > {hkl} and <ε TD > {hkl} were computed in the same way as for the neutron diffraction measurements (see Eq. (15)). It should be noticed that a small gauge volume used for synchrotron measurements (100 mm Â 100 mm) decreases significantly the number of diffracting grains in comparison with a neutron diffraction experiment (4 mm Â 4 mm). Therefore, due to a smaller number of grains contributing to diffraction for a given hkl reflection, the lattice strains (<ε RD > {hkl} and <ε TD > {hkl} ) measured with synchrotron radiation are less representative. To overcome this problem, the arithmetic mean values <ε RD > ph (and <ε TD > ph ) were calculated for the austenite (over 111, 200, 220, 222, 400 and 331 reflections) and for the ferrite (over 110, 200, 211, 220 and 310 reflections) . In Fig. 9 , the so obtained mean phase strains are shown in function of the applied macrostress S RD .
Discussion and interpretation of the experimental results
To characterize the elastoplastic deformation of the phases within studied materials the self-consistent model was compared with the experimental results. Moreover, a novel methodology of diffraction data interpretation was used to describe the damage process occurring in the ferritic phase. To achieve such a goal, the developed self-consistent model including damage effect was used (see Section 2).
Analysis in the elastoplastic range
At first, calculations were performed without prediction of the damage effect. This approach allows determination of the parameters of Voce law for both phases in the studied materials. In calculations the starting orientations of grains (determined from the experimental textures; see Fig. 2 ), single crystal elastic constants (Table 2 ) and the initial stresses (determined with synchrotron or neutron diffraction techniques; see Table 3 ) were introduced to the model as the input data. Simulations were done for 20,000 spherical grains belonging either to ferrite (10,000) or to austenite (10,000) phases. As a result, the elastic lattice strains (<ε RD > {hkl} and <ε TD > {hkl} ) and the total macroscopic sample strains (E RD ) were calculated for different values of the applied stresses (S RD ).
To identify the values of CRSS for both phases the method proposed by Baczma nski and Braham (2004) was used. In this method the predicted strains <ε RD > {hkl} (and additionally <ε TD > {hkl} ) are adjusted to the experimental ones resulting from synchrotron or neutron measurements. To this end, the values of the theoretical and experimental yield points for both phases are compared (Baczma nski and Braham, 2004; Baczma nski et al., 2011) . As seen in Figs. 5 and 9, a linear elastic deformation occurs for both phases until G threshold corresponding to the yield point of the austenitic phase. The next characteristic threshold U in these figures indicates elasticeplastic transition of the ferrite. The position of G threshold vs. applied stress (S RD ) enables determination of the initial CRSS t ph 0 for austenite, while the second threshold U allows the initial t ph 0 for ferritic phase to be identified. Fitting of the model results to the experimental data was done simultaneously for the experimental lattice strains (Figs. 5 and 9 ) and for the S RD vs. E RD functions ( Figs. 7 and 8) . It allows determination of the parameters of Voce law (t ph 1 , q ph 0 and q ph 1 ) for each phase, independently (Baczma nski and Braham, 2004) . The plastic parameters determined for ferrite and austenite in all the measured samples are gathered in Table 4 . In the case of aged UR45N and quenched UR52N, deformed until large deformation range up to the sample fracture (neutron diffraction measurement), all parameters of Voce law were found. Only the initial CRSS t ph 0 and the initial hardening q ph 0 were determined for the other samples, for which almost linear dependence S RD vs. E RD was determined in the measuring range, i.e. up to about 25% of deformation (we assumed that t ph 1 /0 and q ph 1 ¼ q ph 0 ). The theoretical results agree with the measurements, both for the lattice strains (Figs. 5, 6 and 9 ) and for the macro-mechanical result of tensile tests (Figs. 7 and 8) . Such agreement proves that the partition of the stresses between phases (and grains) is correctly predicted by the used self-consistent model.
Comparing the results obtained for the UR45N steel subjected to different thermal treatments (see Fig. 5 and Table 4 ), a considerably lower value of the ferrite yield stress was observed in the quenched material than in the aged one. On the other hand, almost the same yield stress of austenite was found in both samples, regardless of the heat treatment. The ferrite hardness increased during aging due to spinodal decomposition into a and a 0 phases and precipitation of secondary phases (Park and Kwon, 2002) . These processes increase the hardness of the UR45N duplex steel compared to the quenched material.
Analyzing the mechanical properties of the quenched UR45N and UR52N steels, subjected to the same thermal treatment but having different composition, we can see that the yield stresses and the initial CRSS (t ph 0 in Table 4 ) are higher for both phases in the quenched UR52N duplex steel. Similar results were found using X-ray diffraction by Dakhlaoui et al. (2007) , where the higher hardness of ferrite in UR52N steel in comparison to UR45N steel was explained by relatively higher molybdenum and chromium contents in this material (Table 1) . Nitrogen increases the hardness of gamma phase, while chromium and molybdenum cause hardening of both phases, but mostly of ferrite (Bugat et al., 2001) . Consequently, both phases are responsible for a higher value of macroscopic yield stress for UR52N steel. It was also observed that the rate of work hardening is higher in austenite than in ferrite for all the studied steels (compare H parameter in Table 4 ). Moreover, the thermal treatment or chemical composition do not influence significantly the hardening of both phases in UR45N and UR52N steels. It means that the differences in the mechanical behavior of the investigated duplex steels are caused mainly through the initial CRSS (t ph 0 ) and the values of initial stresses, but not through the work hardening process. Finally, an interesting conclusion can be drawn comparing the results of the analysis done for quenched UR52N and aged UR45N samples. Both steels exhibit very similar macro-mechanical behavior, resulting from different micromechanical properties of the phases at microscopic scale. This was clearly shown in the analysis of diffraction results ( Fig. 5 and Table 4 ).
Comparing the results obtained for compressive and tensile tests (Figs. 5c,d and 6 ) performed on the aged UR45N material, the asymmetry of the lattice strains vs. applied macrostress (S RD ) functions was found for both phases. However, the macroscopic yield stresses (cf. Fig. 7a,b ) and the determined Voce parameters (Table 4 ) are similar for both modes of deformation. The asymmetry of the phase behavior can be explained through the initial stresses (Table 3 ) present in the phases. Because the tensile stress applied along RD is superposed by the residual stresses, the yield stress of the austenite is lower (due to tensile initial stress in RD), while the ferrite yield stress is higher (due to compressive initial stress in RD), compared to the hypothetical initially stress free material. An opposite effect occurs during compressive tests. Therefore, a more significant difference between the yield stresses of both phases was observed for the tension (Fig. 5c,d ) than for the compression (Fig. 6 ). Despite the mode of deformation, the initial phase stresses increase the elastic limit for one phase and decrease for the second one, by approximately the same value. As a result, the phase stresses do not lead to a significant change of macroscopic yield stress for duplex steel composed of two phases with the same volume fraction (cf. Fig. 7a,b for tensile and compressive uniaxial loads, respectively). The result obtained using synchrotron radiation for the UR45N sample confirmed that the initial stresses influence the elastoplastic deformation of the individual phases in duplex steel. In this experiment the measurements were performed with a much smaller gauge volume than in the case of neutron diffraction. As a result, a significantly higher values of the initial stress were found in the small gauge defined by the synchrotron radiation beam, compared with those measured by neutrons (Table 3) . It means that the studied aged UR45N material is heterogeneous or the conditions during samples preparation were not exactly the same (the aged samples for neutron and synchrotron measurements we prepared separately). Moreover, the values of CRSS obtained for the ferritic phase in both experiments are also different, while no significant difference of t ph 0 was found for austenite (Table 4 ). The higher value of CRSS for ferrite also causes a higher value of macroscopic yield stress for the sample used in the synchrotron experiment (cf. Figs. 7a and 8) .
The disagreement between the quantitative results obtained from neutron and synchrotron measurements can be explained through the difference between the samples and the gauge volumes used in both experiments. The difference of residual phase stresses are caused by temperature gradients generated during sample cooling after aging treatment. Using neutron measurement, the average stress over a large sample volume was determined, while the local stress in the center of the narrow sample was measured using a synchrotron beam. The disagreement between the CRSS of ferrite obtained in both experiments may be caused by differences/heterogeneities of the precipitation process during aging. Although the same aging conditions were applied for both samples, the precipitation process can occur heterogeneously, resulting in differences between local and average values of CRSS in the ferritic phase observed using synchrotron and neutron diffraction methods, respectively. Another possible reason for the differences between the samples is that the specimens used for synchrotron and neutron experiments were machined from different parts of the commercial material and the thermal treatment was also performed separately. It should be noted that in spite of some differences both experiments show the same tendency of material properties evolution occurring during thermal treatment, i.e. the cooling process leads to the same type of stress tensor for both phases, and due to precipitation process, the CRSS increases only in the ferritic phase while remains unchanged in the austenite.
Finally the work hardening process during synchrotron and neutron measurements should be compared. In this case the main difference between the performed tests is the rate of stress (synchrotron experiment) or strain (neutron measurements) applied to the sample. The advantage of synchrotron radiation is a high intensity of the beam enabling short measurements during a continuous tensile test. In the case of neutron measurements, the diffraction measurements were performed over a long time (a few minutes or more of acquisition) at a given constant sample strain. Moreover, the neutron measurements were done after some time (10e15 min) necessary for sample relaxation (the stress decreased with time for constant value of applied sample strain). This is why different macro-mechanical S RD vs. E RD curves were obtained from continuous tests performed during the synchrotron and neutron measurements. The data obtained from the synchrotron experiment corresponds to the behavior of the material during continuous uniaxial tensile deformation, while the data measured with neutrons corresponds to the sample subjected to a tensile test followed by relaxations at given strains. The parameters of Voce law (t ph 1 , q ph 0 and q ph 1 ), provided in Table 4 , show that the work hardening in both phases is much higher in the case of continuous tension of the sample because the stress relaxation does not occur. It should be noted that, whatever the test, the model calculations agree very well with the experimental macroscopic stress-strain curves and for the lattice strains in both phases. The self-consistent approach is thus useful to describe plastic deformation at a grain level and to predict macroscopic and local stresses within a polycrystalline duplex stainless steel.
Analysis in the damaging range
In this section the ductile damage process for large deformation of duplex steel is studied. To this end, the results obtained for aged UR45N and quenched UR52N samples are analyzed. Comparing the diffraction data for both materials (Fig. 5c,d ,e,f), it can be seen that, for the quenched UR52N material, the tensile test can be performed and successfully modeled up to a higher stress in comparison with an aged UR45N sample. In the case of quenched UR52N steel, the localization of the stresses in both phases does not change until material fracture (i.e. the trend of <ε RD > {hkl} vs. S RD plots remains unchanged and no phase softening or hardening occurs). Different behavior was determined for the aged UR45N specimen at a large sample strain, i.e. over L threshold as seen in Fig. 5b ,c. Fracture of this latter sample occurs under lower applied stress S RD than in the case of UR52N steel. Moreover, a significant decrease of lattice strains in ferrite and a simultaneous increase of lattice strains in austenite is observed above L limit for the aged UR45N steel. It indicates an important relaxation of the stress in the ferritic phase, which is balanced by increasing the stress in the austenite. The process above the L threshold changing the trend of the <ε RD > {hkl} vs. S RD plots can be identified as a significant softening of the ferritic phase caused by damage occurring at the grain scale. The evolution of lattice strains depends on the measured hkl reflection, i.e. on the orientations of grains contributing to diffraction.
The observed experimental phenomenon can be predicted using our self-consistent model in which the ductile damage process is simulated. Assuming that the damage process occurs only in the ferrite, the model results were fitted to experimental <ε RD > ph vs. S RD plots. In Fig. 12a , also the theoretical tensile curve S RD vs. E RD was compared with the experimental one, obtained for a large deformation range applying the method proposed by Le Joncour et al. (2010) and Baczma nski et al. (2011) . In this method the strains were measured in a deformation neck using the DIC (digital image correlation) technique. In Fig. 10a , the experimental lattice strains in the direction loading direction (<ε RD > ph ) are compared with the model calculations performed without and with damage simulation. A good agreement between the experiment and the model prediction was obtained for most of the measured diffraction patterns, corresponding to different hkl reflections, if the damage process was predicted. As it is seen above the threshold L in Fig. 10a , a decrease in the lattice strains (and corresponding stresses) for the ferritic grains and an increase in the lattice strains (and corresponding stresses) for the austenitic grains indicate initiation of the model-predicted damage in the ferritic phase. Also, the strains of the lattice <ε TD > {hkl} measured in the transverse direction are shown together with the results of the damage model in Fig. 10b . The <ε TD > {hkl} strains are correctly predicted by the used model for the elastic and plastic deformations of both phases. Moreover, a rapid change of the <ε TD > {hkl} vs. S RD variation is seen at the threshold L indicating the damage initiation.
The optimization criterion for the adjusted model parameters was the best agreement between the experimental and theoretical functions: <ε RD > ph vs. S RD (Fig. 10a ) and S RD vs. E RD (Fig. 11) . The determined values of the parameters describing the plastic deformation in both phases (Eq. (2)) and the damage occurring in the ferrite (Eq. (12)) are given in Table 5 . When the damage process was simulated, a slightly higher work hardening (described by t ph 1 and q ph 1 for large deformation) was predicted for the ferrite, compared to the prediction without damage (cf. parameters for the aged UR45N steel shown in Table  4 ). It was observed that the damage rate characterized by _ d g linearly depends on the rate of equivalent strain _ ε g eq (because n fer ¼ 0 in Eq. (12)). Such a stable evolution of damage in the ferritic phase is possible due to the transfer of the load into undamaged austenite, which compensates for the softening of the ferritic phase. As presented in Fig. 10 , a significant effect of the damage process is noticed for the S RD stresses over about 1330 MPa (above L threshold), corresponding to a large sample deformation E RD over ca. 0.8e1.0 (cf. L threshold in Fig. 11) , when for a growing number of ferrite grains the following condition is fulfilled ε g eq > ε ph 0 ¼ 0:8(cf. Eq. (12)). A more clear presentation of the phases behavior is shown in Fig. 12 , where the arithmetical mean lattice strains (<ε RD > ph ) calculated for each ph-phase are presented. It was found that, without damage, the trends of the <ε RD > ph vs. S RD curves cannot be predicted, whereas a good agreement between the theoretical results and experimental data was obtained when the damage process was simulated. During damage (over L threshold) a significant softening occurring in the ferritic phase causes transfer of the load from the ferrite to the undamaged austenitic grains and this effect is correctly described by the self-consistent approach. Additionally, the calculated mean phase stresses <s RD > ph in the loading direction (RD) are presented in Fig. 11 . It was concluded that the stress localized in the ferritic grains is higher than the stress in the austeniteapproximately up to applied stress S RD ¼ 1330 MPa (i.e. below the L limit, cf. Figs. 11 and 12 ). Subsequently, above the L threshold the load transfer between phases is seen, leading to a superior stress in the austenite and saturation of the macrostress S RD (Fig. 11) .
It should be stated, that the damage process described in the present work is studied only in the range of tensile loading for which the neutron measurements can be done (during saturation of the macrostress S RD subjected to the sample). This process corresponds to ductile damage at microscale level and develops gradually in the ferrite for the sample deformation range 0.8 < E RD < 2.4 ( Fig. 11) . Unfortunately, the diffraction data are not available for the range of rapid decrease of macrostress S RD for the strain larger than E RD ¼ 2.4 and corresponding to fracture of the sample. The latter process was previously simulated by Panicaud et al. (2011) also assuming damage in the ferritic phase. In that work the influence of damage process on the macroscopic behavior of two-phase steel was shown comparing the model prediction obtained for different parameters of the d fer function with macromechanical tensile test. However, in the work of Panicaud the diffraction data were not used and the behavior of the phases was not directly verified. The process studied in the present work corresponds to slow ductile damage detected using diffraction, while the fracture described by Panicaud et al. (2011) is a process (for E RD > 2.4) in which the voids and cracks may cause rapidly developing destruction of the material. Because of the different physical reasons of both processes, the determined parameters of the d fer function are also different.
Adjustable parameters of the model
In the present work our upgraded modeling procedure (proposed in the work of Panicaud et al., 2011) was applied for interpretation of the diffraction experiment performed in situ during a tensile test of duplex steel. This model describes the elastoplastic behavior of two phases, as well as the damage process occurring at grain scale. As mentioned above, the advantage of the model is a small number of adjustable parameters having physical meaning and enabling the prediction of both processes (the meaning of the parameters is given in Table 6 ). The other parameters introduced to the model as the input data were experimentally determined (initial grain orientations and stresses) or taken from the literature (single crystal elastic constants and families of active slip systems).
It should be highlighted, that using the present model the critical values t ph 0 and ε ph 0 can be unambiguously determined for both phases by comparing the theoretical predictions with the diffraction results. The t ph 0 and ε ph 0 parameters determine the beginning of the plastic deformation and damage process, respectively, which are clearly seen as the changes of the <ε RD > ph vs. S RD trends (cf. the thresholds G, U and L in Fig. 12) . Also, the values of q ph 0 (hardening for small deformation), t ph 1 and q ph 1 (hardening for the intermediate and large deformation, below L thresholds) can be determined for both phases from the slopes of <ε RD > ph vs. S RD (Fig. 12 ) and S RD vs. Е RD functions (Fig. 11) fitted to the experimental data. Finally, the values of the n ph and x ph parameters are adjusted for the range of deformation over L threshold and they describe the stress relaxation in the ferrite, interpreted as a ductile damage process occurring in this phase. The n ph and x ph values influence the <ε RD > ph vs. S RD evolution (Fig. 12 ) and the slope/nonlinearity of the macroscopic S RD vs. Е RD plot (Fig. 11) . 
Conclusions
As demonstrated in this work, the important advantage of the diffraction experiment is the possibility to separate measurements of the mechanical properties for each phase in multiphase polycrystalline materials, with duplex steel as an example. The lattice strains measured in situ by neutron or synchrotron diffraction during sample loading were compared with the prediction of the self-consistent model, and the resulting elastoplastic deformation as well as the damage process were studied for each phase. Different critical resolved shear stresses in phases were identified for samples having different The mean values of the measured elastic phase strains <ε RD > ph vs. applied stress S RD in the UR45N sample compared with the phase strains calculated by self-consistent model with damage (a) and without damage (b) prediction. On the right, magnification of the range close to sample fracture. The thresholds G and U indicate the beginning of plasticity in austenite and ferrite, while L defines the initiation of the damage process.
Table 6
Meaning of the adjustable parameters used in the self-consistent model (the independent sets of the parameters are defined for each phase ph).
Process
Parameter Meaning of the parameter Effects of the parameter on the results Plastic deformation (Eq. (2)) Small deformation t ph 0 Initial value of CRSS Determines the yield stress for the ph-phase (shifts the G and U thresholds seen on the <ε RD > ph vs. S RD curves in Fig. 12 ).
q ph 0 Initial hardening of the slip system Determines the slopes of the <ε RD > ph vs. S RD curves (range above U and below L in Fig. 12 ) and the slope/nonlinearity of the macroscopic S RD vs.
Е RD plot (Fig. 11 ). Critical value of equivalent total strain of a given grain, for which damage is initiated
Large deformation
Determines the initiation of damage/softening indicated by threshold L, seen on the <ε RD > ph vs. S RD curves (Fig. 12 ).
Damage evolution
n ph , x ph Parameters describing evolution of damage occurring at the grain scale Determines the <ε RD > ph vs. S RD evolution ( Fig. 12) above L thresholds and influences the slope/nonlinearity of the macroscopic S RD vs. Е RD plot ( Fig. 11 ).
compositions and/or subjected to different heat treatments. It was demonstrated that similar macro-mechanical behavior of the samples can result from different micro-mechanical properties at a grain scale. It was also observed that the initial residual stresses between phases significantly change the behavior of these phases in the studied materials. The diffraction data obtained for a sample subjected to large deformation were analyzed using the self-consistent approach in which ductile damage in a given phase was considered in calculations. It was concluded that a significant sample softening of the aged UR45N steel was caused by the damage process initiated in the ferrite and a load transfer from the damaged ferritic grains to the undamaged austenitic grains occurred. The advantage of the presented method is that the elastoplastic deformation and micro-damage process can be correctly described by a small number of adjustable parameters having a physical meaning.
